A nanostructured 
Introduction
Nanostructured powders of different alloys are widely used in novel technologies due to their specific combinations of electrical, magnetic, catalytic, corrosion and other properties [1] [2] [3] [4] [5] . Nanostructured nickel/iron/tungsten alloys are characterized by good electrical and magnetic properties, high corrosion and heat stability, and high catalytic activity for the cathodic evolution of hydrogen [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . The metallurgic production of these alloys is expensive due to a high melting point of tungsten. Therefore, other procedures for their production have been developed, such as mechanical alloying, sputtering or electrolytic deposition from water baths [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . The electrolytic procedure seems to be the most convenient method for the production of this alloy.
Electrodeposition can produce high purity alloy powders that have a specific microstructure and morphology whose properties considerably differ from those of the powders of identical chemical composition that are obtained by other methods [18] [19] [20] [21] [22] [23] [24] . The chemical composition, phase structure, shape and size of particles of the electrochemically obtained powders are dependent upon deposition current density, bath composition, temperature and circulation rate of the solution, and nature of the cathode material [18] [19] [20] [21] [22] [23] [24] .
It is well-known that pure Mo and pure W cannot deposit electrochemically from molybdate/tungstate solutions [18] . However, if iron-group metal ions are present in the tungstate (molybdate) solution, different tungsten (molybdenum) alloys can be electrodeposited [25] [26] [27] [28] [29] [30] [31] [32] [33] . A huge scientific effort has been devoted to the explanation of the mechanism of deposition of W and Mo with iron-group metals, with the correlation between alloy composition and deposition conditions being observed [25] [26] [27] [28] [29] [30] [31] [32] [33] .
M.L. Holt and L.E. Voaler [25] used the catalytic reduction theory to assume that the deposit consists of alternate thin layers of tungsten and iron-group metals.
A mechanism was proposed based on the hypothesis that iron-group metals and tungsten-containing ions form mixed electrochemically reducible complexes in the solution or on electrode surface [26, 27] . However, no presence of mixed complexes in the solution has been identified to date.
Chassaing et al. [28] observed that the multi-step reduction of molybdate (tungstate) leads to an intermediary Mo (IV)-oxide, which is further reduced by metal atoms of the irongroup metals.
Investigations into the deposition of Mo with metal atoms of the iron-group metals from citrate electrolytes led to a hypothesis based on the adsorption and catalytic reduction of molybdate species [29] [30] [31] This theoretical model is based on the fact that Mo deposition is possible only in the presence of Me(II) ions in the solution, with the reduction of Me ions following an independent path [29] [30] [31] .
Obradović et al. [32] proposed a mechanism of tungsten and nickel codeposition from an ammonia-citrate electrolyte according to which two parallel reactions take place during alloy formation, i.e. nickel deposition from ammonia-citrate complexes and reduction of the protonated tungstate-citrate complex having more than one proton to lower valence oxides. The resulting nickel adatoms Ni(0) diffuse along the surface until they reach a crystal lattice point. Before they reach the crystal lattice point, part of these adatoms reach the low valence tungstate citrate complex and reduce it to metal tungsten. The chemical composition, microstructure and morphology of the deposit depend on the ratio of the parallel reduction reaction rates. The parallel hydrogen evolution reaction does not affect the chemical composition and microstructure; it affects the current efficiency of alloy deposition and, partly, the morphology [32] .
Donten et al. [13] obtained smooth hard amorphous Fe-Ni-W alloy coatings from a citrate bath. The best properties were found in coatings with 50 at.% Fe. Pulse electroplating gave smoother and more uniform coatings with a higher content of W. The increase in W content from 19 to 29 at.% led to improved hardness (Ni 16 Fe 55 W 29 alloys exhibit maximum 1070 HV).
He et al. [14] also deposited adherent smooth Ni-Fe-W alloy coatings with different W contents from a citrate bath on iron and steel substrates. As-plated deposits with 18 wt.% tungsten are crystalline FCC structure of nickel, while those with 35 wt.% and 55wt.% tungsten are amorphous. After heat treatments at about 700 0 C deposits with 35 wt.% W obtain excellent corrosion resistance and have satisfactory wear resistance and microhardness.
Esther et al. [15] obtained smooth adherent crystalline coatings of Ni-Fe-W alloy from a citrate bath. The content of W of the coatings was found to increase, and that of Ni to decrease with increasing citrate concentration in the bath. All deposits contained nanocrystals of the FCC-structured solid solution of Fe and W in Ni. An increase in W content of the alloy induced a decrease in mean crystal size, and an increase in internal microstrains.
Deposits with 14 wt.%W exibit the best soft magnetic properties of the saturation magnetic flux density Bs = 0.99 T and coercivity Hc = 8 Oe. As the W content increases, the saturation magnetic flux density decreases whereas coercivity increases.
It should be noted that Ni-Fe-W alloys with high Ni concentration ( ≥ 80 at.%) and Fe addition lower than 7 at.% exhibit a low Curie temperature (Tc ≤ 190K) [16] . Sriraman et al. [11, 12] showed that increasing current density of electrodeposition of Ni-Fe-W alloy from a citrate bath induced an increase in W and Fe content of the deposited alloy, and a decrease in both Ni content and crystal size of the FCC-structured solid solution of W and Fe in Ni. The corrosion resistance of the alloy increased with W content up to 9.2 at.% and then decreased [11, 12] .
Mun et al. [33] found that the content of Fe and W in smooth coatings of Ni-Fe-W alloys deposited from a citrate bath in the presence of 2-butane-1.4 diol and sodium lauzyl increases with increasing concentration of Fe 2+ ions in the solution. The microhardness of the as-deposited specimen slightly increased with increasing W content in the deposit. Heat treatment remarkably improved the microhardness of the alloys, especially at 500 0 C. However, the microhardness was markedly decreased with increasing grain size at temperatures over 500 0 C. Nanostructured alloys occur in a metasTab. state. Milling and heating change their microstructural properties. Annealing at relatively lower temperatures leads to structural relaxation in the alloys, and that at higher temperatures causes crystallization, resulting in a change in their mechanical, electrical, magnetic and other properties [34] [35] [36] . Structural relaxation induces the following changes: free volume decreases, resulting in decreased diffusion mass transfer, and partial arrangement of the alloy structure takes place, increasing its readiness to crystallize [37, 38] . During crystallization, an arranged structure is formed and significant changes in the physico-chemical properties of the alloy occur.
The objective of this study was to obtain a Ni-Fe-W alloy having adequate magnetic characteristics and evaluate the effect of milling and annealing at different temperatures on the microstructure and electrical and magnetic properties of the alloy.
Experimental
The nickel/iron/tungsten alloy composed of 87.3 wt.% Ni, 11.3 wt.% Fe and 1.4 wt.% W (Ni-11.3Fe-1.4W) was obtained by electrodeposition from an ammonium citrate bath. The glass electrochemical cell was 8 dm 3 . The anode was a 12 cm 2 platinum plate placed at a spacing of 1.0 cm in parallel with the titanium plate-shaped cathode 4 cm 2 in area and 0.2 cm in thickness. The cell was in a thermostat at a temperature of 60 ± 0. 4 OH, and it ranged from 9.3 to 9.4. During the electrolysis, a standard electrical circuit was used. The alloy was deposited galvanostatically at a current density of 600 mAcm -2 . Upon electrolysis, the deposit was washed several times with distilled water and, then, with 0.1% wt.% benzoic acid solution in order to prevent oxidation. Thereafter, the deposit was dried at 105 0 C. Scanning electron microscopy (SEM) analysis was performed by a JEOL -JSM 5300 equipped with on a EDS -QX2000 spectrometer. The chemical composition of the alloy was determined by energy dispersive X-ray spectroscopy (EDS) using attachment to SEM as well as by atomic absorption (PEKTAR-AA200-VARIAN).
X-ray diffraction (XRD) was recorded on a Philips PW 1710 diffractometer using Cu kα radiation (λ = 0.154 nm) and a graphite monochromator. XRD data were collected with a step mode of 0.03 0 and collection time of 1.5 s/step. The as-prepared alloy was milled in an alcohol medium using a Planetary Ball Mill Type PM 400.
The electrical properties were investigated using 40x1.2x0.5 mm 3 samples, obtained by exposing the deposit to the pressure of 100 MPa. Electrical resistivity was measured by the four-point method within the temperature interval of 20-640 0 C. The measurements were made in an argon atmosphere. The measurements of relative magnetic permeability were performed using a modified Maxwell method, based on the action of an inhomogeneous field on the magnetic sample. The magnetic force measurements were performed with a sensitivity of 10 -6 N in an argon atmosphere.
Results and discussion
The highly porous spongy deposit of Ni-11.3Fe-1.4W alloy was obtained by electrodeposition from an ammonium citrate bath at a current density of 600 mAcm -2 . The chemical composition of the nickel/iron/tungsten alloy was determined by both atomic absorption and EDS analysis. The results obtained showed differences of less than 1 wt.%. The powder contained 87.3 wt.% Ni, 11.3 wt.% Fe and 1.4 wt.% W (Ni-11.3Fe-1.4W).
The phase structure of the deposit was determined by XRD analysis. Fig. 1 . shows a Reitveld's diagram for the as-prepared Ni-11.3Fe-1.4W alloy. The observed data points are presented by dots; the upper solid line represents values calculated for the given structural model, and the difference between the observed and calculated data points is plotted at the bottom. Vertical lines represent positions of Bragg reflections: the first line corresponds to the positions of the peaks for the FC phase of the solid solution of W and Fe in Ni, the second line to positions of the peaks for the WO 3 structure in the P4/nmm space group structure.
The diagram exhibits well pronounced peaks only for the FCC phase of the solid solution of W and Fe in Ni. The extremely weak peaks of the WO 3 structure indicate the negligible presence of the crystal phase in the test sample.
The diagram shows no peaks for the BCC phase of iron or tungsten, or peaks for the intermetal compounds of the three metals. The presence of the FCC phase in alloys containing less than 18 wt.% of tungsten was observed in studies [11,12,14,15,17,33 and 39] . The peaks are relatively wide, low in intensity and shift towards lower 2θ values as compared to the values for the pure nickel FCC phase. This is the result of the presence of small crystal grains of the Ni-11.3Fe-1.4W alloy. The high electrodeposition current density and the presence of tungsten in the solid solution caused the formation of both the amorphous phase and nanocrystals that have small crystal grains, a high mean microstrain value and a high minimum density of chaotically distributed dislocations (Tab. I) [5, 22, 39, 40] . 3.9·10 12 The highest peak intensity (111) indicates texture existence. The development of this texture was associated with the preferred growth along (111) orientation due to lower strain associated in that direction [117, 41] .
Tab. I. Microstructural data of the crystalline phase (FCC) of the
The relatively low intensity of FCC phase peaks and the relatively low mean crystallite size value (8.8 nm) show that the as-prepared Ni-11.3Fe-1.4W alloy contains not only the FCC phase of the solid solution of tungsten and iron in nickel, but also the amorphous phase. The presence of the two phases in the electrochemically obtained nickel/iron/tungsten alloys was also reported in other works [14, 17, 33, 39] .
Transmission electron microscopic observations of the electrodeposited Ni-W binary alloy also showed nanocrystals to be distributed in an amorphous matrix [11] .
The X-ray diagram of the alloy annealed for 60 minutes at 420 0 C is identical to that for the as-prepared alloy, suggesting that annealing the Ni-11.3Fe-1.4W alloy at temperatures below 420 0 C does not result in the crystallization of the amorphous phase and crystal grain growth of the FCC phase.
However, the X-ray diagram of the alloy annealed for 60 minutes at 650 0 C has narrow peaks and high intensity peaks (Fig. 2) . This suggests that annealing at 650 0 C led to the crystallization of the amorphous phase and crystal grain growth of the FCC phase accompanied with a simultaneous decline in both microstrain and minimum density of chaotically distributed dislocations (Tab. II). The samples of the electrochemically produced alloys were milled for 4, 8 and 12 hours, and their X-rays were recorded. The increase in milling time induced an increase in the intensity of FCC phase peaks, and a decrease in their half-height width (Fig. 3) . This indicates that milling gives rise to partial crystallization of the amorphous phase, and causes FCC-phase crystal grain growth with a simultaneous decrease in microstrain and minimum density of chaotically distributed dislocations (Tab. III). The as-prepared deposit of the Ni-11.3Fe-1.4W alloy composed of an amorphous matrix and nanocrystals (8.8 nm) of the FCC phase having a high internal microstrain value and a high minimum density of chaotically distributed dislocations is relatively thermally unsTab.. Heating during the milling process causes partial crystallization of the amorphous phase and an increase in FCC-phase crystal grain size, along with a reduction in both internal microstrain value and minimum density of chaotically distributed dislocations. These microstructural changes induce changes in the magnetic and electrical properties of the deposit. The structural changes in the electrochemically obtained Ni-11.3Fe-1.4W alloy during heating were monitored by measurements of changes in electrical resistivity. Fig. 4 . presents the temperature dependence of the electrical resistivity of the as-prepared deposit and milled powders. As shown in Fig. 4 , resistivity was highest for the as-prepared deposit, and lowest for the powder milled for 12 hours. The increase in milling time results in a decrease in resistivity. All diagrams show the appearance of a single maximum (1) and a single shoulder (2) .
Tab. III.
The decrease in resistivity after the maximum was due to structural changes taking place during relaxation processes most likely in the amorphous phase. The decrease in resistivity after the shoulder was the result of structural changes taking place during relaxation processes occurring most likely in nanocrystals. Heating the powder during structural relaxation induces short-term structural arrangement. Then, certain high-energy atoms cross the energy barrier and reach the somewhat lower potential level. At this lower level, their 3d and 4s orbitals overlap better with identical orbitals of neighboring atoms, thereby contributing to an increase in electron density in the conduction zone near the Fermi level. Structural arrangement in both the amorphous phase and nanocrystals results in increased mean length of the free electron path. The increase in electron density at the Fermi level and the increase in the mean length of the free electron path induce a reduction in electrical resistivity [622] . Resistivity decreases with increasing milling time: a) due to the fact that milling gives smaller particles which establish better mutual contact during pressing, and b) due to the fact that during milling, part of the amorphous phase, as induced by the energy input, is transformed into a crystal FCC phase, with existing crystal grains of the FCC phase growing simultaneously with a decrease in both mean microstrain value and minimum density of chaotically distributed dislocations (Tab.s 1 and 3). The process under b) causes a reduction in peak intensity and shoulder intensity, as well as a shift in peak maximum and shoulder temperatures towards higher temperatures.
Furthermore, the microstructural changes of the alloy during heating cause changes in relative magnetic permeability. Fig. 2 . shows changes in relative magnetic permeability of the as-prepared alloy during heating. The curve represented by a solid triangle ( ) shows an increase in relative magnetic permeability of the as-prepared alloy during the first heating within the temperature range of 80 0 C to 380 0 C. Further heating in the temperature range of 380 0 C to 500 0 C induces no changes in magnetic permeability. After the first heating up to 500 0 C, the alloy was cooled to room temperature. During cooling, no changes were observed in relative magnetic permeability. This suggests that irreversible structural changes occurred in the alloy during the structural relaxation taking place in the heating process. Following these irreversible structural changes, the sample cooled to room temperature had about 8% higher magnetic permeability than the as-prepared alloy. This increase was induced by structural relaxation during the first heating. During structural relaxation, short-range structural arrangement took place in the alloy, as induced by the effect of heat and external 8000 Am -1 magnetic field. The short-range structural arrangement causes atoms to translocate into a somewhat lower energy level. At the lower energy level, the atoms existing between the magnetic domain walls attach to the energetically more favorable domain. The simultaneous decrease in the density of chaotically distributed dislocations causes higher mobility of magnetic domain walls, facilitating their orientation in the external magnetic field. This leads to magnetic domain expansion and, hence, increased magnetization and increased magnetic permeability.
After the first heating, the cooled sample was reheated up to 600 0 C. During the second heating, magnetic permeability did not undergo substantial changes up to 500 0 C. This suggests that no significant structural changes occurred in the alloy during the second heating up to 500 0 C. During the second heating in the temperature range of 500 0 C to 600 0 C, the increase in temperature results in an abrupt decline in relative magnetic permeability. The decline is caused by the change in the orientation of certain domains due to the effect of thermal energy and structural changes in the alloy. At temperatures above 450 0 C, the crystallization of the amorphous phase and crystal grain growth of the FCC phase take place. The crystallized alloy having larger crystal grains has lower magnetic permeability as compared to the as-prepared alloy. In the alloy with larger crystal grains, orientation of certain domains is hampered, and the walls of oriented domains show lower mobility. 6 . shows that heating the milled powder for eight hours up to 350 0 C causes partial structural relaxation in the powder. Complete structural relaxation does not occur until after the second heating up to 420 0 C. Therefore, its relative magnetic permeability does not change during the third heating from root temperature to 300 0 . Further heating from 300 0 C to 450 0 C results in a gradual decline in relative magnetic permeability. The abrupt decline in permeability takes place within the temperature range of 450 0 C to 560 0 C. Following the third heating up to 600 0 C, the powder was cooled, and reheated again for the fourth time. During the fourth heating, the relative magnetic permeability was lower than during the third heating. This decrease was induced by powder crystallization during the third heating within the temperature range of 450 0 C to 600 0 C. Fig. 7 . presents the temperature dependence of the relative magnetic permeability of the Ni-11.3Fe-1.4W alloy powder obtained after 12 hours of milling. shows that complete structural relaxation takes place during powder heating up to 420 0 C. The complete relaxation induces a maximum increase in relative magnetic permeability. Heating the powder up to 510 0 C causes a decline in relative magnetic permeability. The decline is considerably higher during heating up to 600 0 C. At higher temperatures, the crystallization process is more complete, resulting in a higher reduction in relative magnetic permeability.
The diagrams presented in Fig. 8 show that magnetization of both non-annealed and annealed powders increases with increasing milling time.
The analysis of the above diagrams suggests the following: a) as a result of the annealing of the as-prepared deposit and the powders produced by milling at 420 0 C, complete structural relaxation takes place in the alloy, causing a maximum increase in relative magnetic permeability for the given crystal grain size. b) at temperatures above 420 0 C, the amorphous part of the alloy undergoes crystallization, and crystal grain growth of the solid solution of iron and tungsten in nickel occurs, inducing a decline in magnetic permeability.
c) the increase in milling time results in: 1. -increasing magnetization of the powders, 2. -a reduction in relative magnetic permeability at lower temperatures, and 3. Structural changes in the Ni-11.3Fe-1.4W alloy take place both during annealing and milling, involving structural relaxation which induces a decrease in electrical resistivity and an increase in magnetic permeability.
Both processes: annealing at temperatures above 450 0 C and milling at room temperature cause crystallization of the amorphous phase in the alloy, crystal grain growth of the FCC phase, and a simultaneous reduction in both the mean microstrain value and minimum density of chaotically distributed dislocations. During the milling of the as-obtained alloy for 0.0 to 12 hours, the mean value of crystal grains increases from 8.8 nm to 11.1 nm. During the 60-minute annealing of the as-obtained alloy at 600 0 C, crystal grain size increases from 8.8 nm to 22.5 nm, and that of the powder milled for 12 hours from 11.1 nm to 25.9 nm. The experimental data show that the electrical and magnetic properties of the Ni-11.3Fe-1.4W alloy are dependent upon crystal grain size. The magnetic permeability initially increases with increasing crystal grain size, reaching its maximum and decreasing thereafter with further increase in the mean value of crystal grain size. Electrical resistivity starts to decrease abruptly and then declines gradually with increasing crystal grain size. The experimental results suggest that the use of annealing and milling parameters results in the production of Ni-11.3Fe-1.4W alloy powders that have specific magnetic and electrical properties.
Conclusions
A nanostructured Ni-11.3Fe-1.4W alloy was obtained by electrodeposition from an ammonium citrate electrolyte at a current density of 600 mA cm -2 . XRD analysis showed that the alloy contains an amorphous matrix having embedded nanocrystals of the FCC solid solution of iron and tungsten in nickel, with an average crystal grain size of 8.8 nm, a high internal microstrain value and a high density of chaotically distributed dislocations. Structural changes in the Ni-11.3Fe-1.4W alloy take place both during annealing and milling. As a result of heating at 420 0 C, structural relaxation occurs, inducing a decrease in electrical resistivity and an increase in magnetic permeability of the alloy. During the annealing of the alloy at temperatures above 420 0 C, crystallization takes place, leading to a reduction in both electrical resistivity and magnetic permeability.
The milling of the alloy for up to 12 hours caused a certain degree of structural relaxation and crystallization in the alloy. The increase in crystal grain size up to 11 nm and the partial structural relaxation induce a decrease in electrical resistivity and an increase in magnetic permeability of the alloy. Heating the powders obtained by milling up to 420 0 C leads to complete structural relaxation, reduced electrical resistivity, and increased magnetic permeability. During heating of the powders obtained by milling at temperatures above 420 0 C, crystallization and a significant increase in crystal grain size occur, leading to a reduction in both electrical resistivity and magnetic permeability. The best magnetic properties are exhibited by the alloys milled for 12 hours and annealed thereafter at 420 0 C. In these alloys, crystal grains have an optimum size, and complete relaxation took place. 
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